There is an urgent need for an effective treatment for metastatic prostate cancer (PC). Prostate tumors invariably overexpress prostate surface membrane antigen (PSMA). We designed a nonviral vector, PEI-PEG-DUPA (PPD), comprising polyethylenimine-polyethyleneglycol (PEI-PEG) tethered to the PSMA ligand, 2-[3-(1, 3-dicarboxy propyl)ureido] pentanedioic acid (DUPA), to treat PC. The purpose of PEI is to bind polyinosinic/polycytosinic acid (polyIC) and allow endosomal release, while DUPA targets PC cells. PolyIC activates multiple pathways that lead to tumor cell death and to the activation of bystander effects that harness the immune system against the tumor, attacking nontargeted neighboring tumor cells and reducing the probability of acquired resistance and disease recurrence. Targeting polyIC directly to tumor cells avoids the toxicity associated with systemic delivery. PPD selectively delivered polyIC into PSMA-overexpressing PC cells, inducing apoptosis, cytokine secretion, and the recruitment of human peripheral blood mononuclear cells (PBMCs). PSMA-overexpressing tumors in nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice with partially reconstituted immune systems were significantly shrunken following PPD/polyIC treatment, in all cases. Half of the tumors showed complete regression. PPD/polyIC invokes antitumor immunity, but unlike many immunotherapies does not need to be personalized for each patient. The potent antitumor effects of PPD/polyIC should spur its development for clinical use.
prostate cancer | DUPA | polyIC | PSMA | PEI-PEG P rostate cancer (PC) is the most common malignancy among males. PC typically presents prostate-specific membrane antigen (PSMA) on the cell surface. PSMA is a multifunctional transmembrane protein that functions as a glutamate carboxypeptidase and also demonstrates rapid, ligand-induced internalization and recycling (1, 2) . Although its exact role in PC is unclear, PSMA expression is 1,000-fold higher in prostate tumors than in noncancerous tissues, and its overexpression increases with progression of the cancer (3, 4) . Although a given tumor may be heterogeneous for PSMA expression, completely PSMA-negative primary or metastatic tumors are rare (5). Thus, PSMA is an ideal marker for targeting PC, and there has been much interest in the development of PSMA ligands for diagnostic and therapeutic purposes.
A number of PSMA-targeted therapies have been devised for the treatment of PC, but none has entered the clinic to date (6) (7) (8) (9) (10) . The standard of care for metastatic PC patients is androgen deprivation therapy (ADT). Although ADT is highly effective at achieving short-term remission, many patients gradually establish resistance to the therapy and proceed to develop castrationresistant PC. Such patients have a median survival of 3 y (11-13).
Cancers are characterized by genomic instability, heterogeneity, and rapid tumor evolution. Targeting a single subpopulation in a heterogeneous tumor is ineffective, because the nontargeted cells can survive and proliferate. To overcome the mutability of cancer, treatments must act before the cancer cells can adapt and acquire resistance. To effectively combat cancer, therefore, we need treatments that can achieve full tumor eradication within a short time frame.
We have developed a promising strategy to meet this requirement. Our strategy is to activate multiple death pathways, leading to the rapid killing of the targeted cells and, simultaneously, to the triggering of "bystander effects," which lead to the killing of neighboring, untargeted tumor cells. The combined effects create a potent treatment that leads to the eradication of heterogeneous tumors and prevents the development of drug resistance (14) . In nature, viral dsRNA triggers multiple antiviral defense mechanisms, leading to the apoptosis of the infected cells and to the activation of an immune response that leads to the killing of neighboring cells, all in an attempt to mitigate the infection (15) . We use a synthetic analog of dsRNA, polyinosinic/polycytosinic acid (polyIC), to achieve a similar effect. Following internalization into cancer cells, polyIC induces apoptosis and activates bystander effects, leading to tumor eradication. These bystander effects are both direct and immune mediated. The direct effects are caused by toxic cytokines that are secreted from the targeted cancer cells; these cytokines cause neighboring, untargeted cancer cells to apoptose. The immunemediated effects are caused by the secretion of cytokines that
Significance
Prostate cancer (PC) is the most common cancer affecting males. To date, there is no effective treatment for metastatic PC. Prostate tumors invariably overexpress prostate surface membrane antigen (PSMA). We present a potent therapy, PEI-PEG-DUPA/polyinosinic/polycytosinic acid (PPD/polyIC), which is targeted against PSMA. This treatment leads to tumor cell death and to the recruitment of immune cells, which attack neighboring tumor cells, even those that do not overexpress PSMA. In a mouse model, PPD/polyIC led to shrinkage of all PSMA-overexpressing tumors and to complete regression in half of the animals. The multipronged approach invokes antitumor immunity, and reduces the probability of acquired resistance and disease recurrence. PPD/polyIC is a promising, affordable candidate for clinical development.
recruit and activate immune cells, which in turn kill any remaining cancer cells.
PolyIC is used in the clinic as an immune adjuvant. However, polyIC is highly toxic and therefore is confined to a narrow therapeutic window. By targeting polyIC to PC cells, we can take advantage of its potency while using very low doses, avoiding toxicity. We designed a vector consisting of polyethyleneimine-polyethyleneglycol (PP), which binds polyIC and assists in its endosomal release, conjugated to a ligand that homes to PSMA, to deliver the polyIC directly to PSMA-overexpressing cancer cells. We have previously demonstrated the strength of this strategy using PP conjugated to targeting ligands for epidermal growth factor receptor (EGFR) (14, 16, 17) and for Her2 (18) .
Our PSMA-targeting vector utilizes the urea-based ligand of PSMA, DUPA (2-[3-(1, 3-dicarboxy propyl)ureido] pentanedioic acid) as its targeting moiety. DUPA is a highly selective ligand that was shown to steer siRNA (19) and chemotherapeutic agents into PC cells (20) and to facilitate the imaging of PC metastases (21, 22) . Here, we show that PP-DUPA (PPD) bound to polyIC (PPD/ polyIC) exhibits powerful killing of PSMA-overexpressing cancer cells and effectively stimulates both direct and immune-mediated bystander effects. Finally, we show that PPD-polyIC has remarkable efficacy against prostate tumors in NOD/SCID mice that have been reconstituted with a human immune system [peripheral blood mononuclear cells (PBMCs)].
Results
Specific Binding and Internalization of DUPA-Linker-DyLight 680 to PSMA-Overexpressing Cells. We began our investigation by confirming that DUPA can selectively home to PSMA-overexpressing cancer cells, and deliver cargo into the cells. To this end, we synthesized DUPA according to Kularatne et al. (23) . To avoid steric hindrance, the DUPA was conjugated via a linker consisting of a hydrocarbon chain of 8-aminooctanoic acid and a short peptide to the fluorescent dye DyLight 680 (Thermo Scientific). We first constructed DUPA-linkerA as described (23) conjugated to DyLight 680 (SI Materials and Methods) and confirmed that this selectively bound PSMA overexpressing cells (Fig. S1 ). We then modified the linker of Kularatne et al. (23) to incorporate the peptide Cys-Gly-Trp-Trp-Gly-Phe (Fig. 1A) . The Cys residue would later allow us to conjugate the DUPA-linker to polyethyleneimine-polyethyleneglycol (PEI-PEG, or PP), and the Trp residues would allow us to quantify PPD by UV spectra.
We confirmed the structure of the modified DUPA-linkerDyLight 680 conjugate ( Fig. S2 ) and analyzed its binding to cancer cells using confocal fluorescence microscopy ( Fig. 1B) . After 5-h incubation, DUPA-linker-DyLight 680 successfully bound and internalized into LNCaP and PC3-PSMA cells (which overexpress PSMA), but did not enter MCF7 cells (which do not), indicating that DUPA-linker-DyLight 680 is indeed selective for PSMA.
PPD/polyIC Selectively Kills PSMA-Overexpressing PC Cells. Next, we prepared the chemical vector, PPD (Fig. S3 ), designed to selectively kill PSMA-overexpressing PC cells. To generate PPD, we conjugated the DUPA-linker to PP, which binds polyIC, as described previously (24) .
We bound polyIC to PPD (PPD/polyIC) and measured the complex by dynamic light scattering as described in Joubran et al. (24) . The complex was found to be 105 ± 16.7 nm, a size that is well within the 200-nm limit for endosomal entry (25) .
We next tested the complex for potency and selectivity. In a 3-d treatment, PPD-polyIC efficiently killed 80-95% of LNCaP, VCaP, and PC3-PSMA cells, all of which overexpress PSMA, and left MCF7 and PC3 cells, which do not express PSMA, unharmed ( Fig. 2A) . Addition of the PSMA inhibitor 2-(phosphonomethyl) pentanedioic acid (PMPA) (26) protected the cells from PPD/ polyIC-induced killing (Fig. S4) , implying that PPD/polyIC is endocytosed into the cells in a PSMA-dependent fashion (1, 27) .
We incubated LNCaP cells with PPD/polyIC-rhodamine and used time-lapse confocal microscopy to follow the polyIC-rhodamine. As shown in Fig. S5A , polyIC-rhodamine spread throughout the cytoplasm within 2 min of entry into the cells. Little if any polyIC entered the nucleus. Although it is likely that PPD/polyIC enters by endocytosis, the process was so rapid that it was not possible to identify endosomes. PolyIC-rhodamine that was not complexed with PPD barely entered the cells (Fig. S5B) , confirming the role of PPD in targeting the cells.
The PPD/polyIC-induced killing of LNCaP cells was rapid. Cell death was evident as soon as 24 h following treatment initiation (Fig. 2B) . With prolonged treatment, survival decreased further. Treating LNCaP cells with 0.5 μg/mL polyIC bound to PPD for 96 h sufficed to kill nearly 100% of the cells (Fig. 2B) . Cleavage of caspase 3 was evident within 4 h and cleavage of PARP [Poly (ADP-ribose) polymerase] within 8 h of exposure to PPD/polyIC, indicating that cell death occurred by apoptosis (Fig. 2C) .
PPD/polyIC Treatment Leads to Massive Tumor Cell Death by Inducing
Direct and Indirect Bystander Effects. The presence of dsRNA in cells activates pathways leading to the secretion of chemotactic cytokines, which activate immune cells and recruit them to the infected area. We explored the effect of PPD/polyIC treatment on cytokine production in LNCaP and PC3-PSMA cells. PPD/ polyIC treatment led to time-dependent and dose-dependent secretion of RANTES/CCL5 (regulated on activation, normal T cell expressed and secreted) and IP-10/CXCL10 (interferon gamma-induced protein 10) (Fig. 3A) , as detected by ELISA. Using qRT-PCR, we detected induction of the cytotoxic cytokine IFN-β as early as 4 h after treatment (Fig. 3B) .
We next evaluated whether PPD/polyIC could lead to the recruitment of immune cells. Conditioned medium from LNCaP cells that had been treated with PPD/polyIC for 48 h led to a fivefold induction of chemotaxis of PBMCs relative to medium obtained from untreated cells (Fig. 4A) . PBMCs that were exposed to conditioned medium from treated cells showed increased IL-2 expression, indicating that these PBMCs were activated (28) (Fig. 4B) . The conditioned medium from treated cells also induced the PBMCs to express the toxic, proinflammatory cytokines IFN-γ and TNFα (Fig. 4B) . Notably, expression of IL-2, IFN-γ, and TNF-α was elevated following treatment with doses as low as 0.05 μg/mL polyIC (Fig. 4B) .
To study the bystander effects induced by PPD/polyIC treatment, we utilized coculture systems. These systems utilized LNCaP-Luc, PC3-Luc, and MCF7-Luc cells, which stably express luciferase (Luc). Having determined that Luc activity was proportional to the number of Luc-expressing cells, Luc activity was used as a proxy for the number of Luc-expressing cells.
The PBMC-mediated bystander effect was demonstrated by coculturing PBMCs with LNCaP-Luc cells that had been pretreated with PPD/polyIC. We first treated LNCaP-Luc cells with low doses of PPD/polyIC (up to 0.5 μg/mL polyIC). These low doses led to a modest effect, with up to 50% cell death following 72 h of treatment (Fig. 5A) . Remarkably, when PBMCs were added to the pretreated LNCaP-Luc cells for 48 h, the cancer cells were completely eradicated (Fig. 5A) . PBMCs had no effect on untreated LNCaP-Luc cells.
The direct bystander effect was demonstrated by coculturing PC3-Luc or MCF7-Luc cells (which do not overexpress PSMA) with PPD/polyIC-treated LNCaP or PC3-PSMA cells (which overexpress PSMA). Neither PC3-Luc (Fig. 5B ) nor MCF7-Luc cells (Fig. 5C ) were affected by PPD/polyIC alone. Coculturing PC3-Luc with PPD/polyIC-treated LNCaP cells resulted in the death of up to 70% of the PC3-Luc cells (Fig. 5B) , and coculturing MCF7-Luc with PPD/polyIC-treated PC3-PSMA cells resulted in the death of up to 40% of the MCF7-Luc cells (Fig.  5C ). We infer that the proapoptotic cytokines from the PPD/ polyIC-treated PSMA-overexpressing cells triggered the death of the cocultured PPD/polyIC-insensitive Luc-expressing cells.
We also looked at the combined direct and indirect bystander effects on cells that do not overexpress PSMA. As in the direct bystander samples, we cocultured PC3-Luc cells with PPD/ polyIC-treated LNCaP, and we cocultured MCF7-Luc cells with PPD/polyIC-treated PC3-PSMA cells. However, we now added PBMCs to these samples. The addition of PBMCs as well as PPD/polyIC-treated PSMA-overexpressing cells led to the massive killing of cells that do not overexpress PSMA (Fig. 5 B and  C) . We noted a slight activation of PBMCs that led to killing of up to 20% of the Luc-expressing cells, when we cocultured the PBMCs with PPD/polyIC-treated PC3-Luc or MCF7-Luc cells, in the absence of PSMA-overexpressing cells (Fig. 5 B and C) . We believe that PPD/polyIC accumulates in the medium of PC3-Luc or MCF7-Luc cells, because the vector cannot internalize into these cells. The polyIC that remains in the culture medium leads to the slight activation of the PBMCs, resulting in the killing of 20% of the Luc-expressing cells.
These experiments show that PPD/polyIC leads to strong direct and indirect bystander effects-killing cocultured cancer cells that are not themselves targeted by PPD/polyIC.
Systemic Application of PPD/polyIC Combined with PBMCs Induces
Regression of Prostate Tumor Xenografts. Finally, we investigated the effect of PPD/polyIC on prostate tumors in mice. We used a PC model, injecting NOD/SCID male mice s.c. with PC3-PSMA cells, which overexpress human PSMA. Treatment began when the tumors reached ∼100 mm 3 . To test the effect of the immune system on PPD/polyIC treatment, we partially reconstituted the animals' immune systems using human PBMCs. The mice were treated with PPD/polyIC repeatedly over the course of 3 wk, and injected with PBMCs twice during the treatment (Fig. 6A) . Although untreated mice and mice that were treated with PBMCs alone developed large tumors and were killed 3 wk after the initiation of treatment, the mice that were treated with PPD/polyIC showed a strong delay in tumor growth. Remarkably, the combination of PPD/polyIC treatment and PBMCs led to a reduction in tumor size. Even more impressively, in four of seven mice that received the combination treatment, the tumors were no longer detectable. The effect of the combination treatment was significantly better than the effect of PPD/polyIC administered alone, indicating that the combination of the direct tumor-killing effect of PPD/polyIC and the bystander effect elicited in the presence of immune cells leads to marked tumor regression (Fig. 6B) .
Discussion
PSMA is an ideal target antigen for the prognosis and treatment of advanced PC. It is present in nearly all prostate carcinomas at all stages of malignancy, and is elevated in late-stage hormone refractory tumors following androgen deprivation therapy (5, 29, 30) . Despite the emergence of highly effective PSMA-targeted PET tracers for the detection of metastatic tumors (31) , no PSMA-targeted therapy has entered the clinic to date.
Although PSMA is evident in virtually every prostate tumor, it is not actually overexpressed by all tumor cell subpopulations. An effective therapy should attack all tumor subpopulations-those that overexpress PSMA and those that do not. We present a PSMAtargeted therapy that delivers a viral dsRNA analog-namely, polyIC-to prostate tumors. Just as viral dsRNA activates an antiviral immune response to eradicate all infected cells in the area, PSMA-targeted polyIC directly attacks the PSMA-overexpressing cells and triggers an immune response that kills neighboring, untargeted cancer cells. Targeted polyIC is effective at low concentrations, and should avoid the toxic effects and strong systemic immune reactions caused by systemic polyIC application (32) .
As a PSMA targeting moiety we chose the PSMA ligand DUPA. An analog of DUPA showed excellent targeting ability in the PET tracer 68 Ga-PSMA HBED-CC, which accurately detected early lymph node, bone, and liver metastases that could not be detected by other methods (21, 22, 33) . Access of DUPA to its PSMA binding site is through a deep, gradually narrowing tunnel with two hydrophobic pockets (23) . To meet this structural requirement, when conjugating DUPA to the polyICcarrying moiety, we had to expand the space between them using a linker. We therefore conjugated DUPA to the polyIC-binding moiety PP with the linker Cys-Gly-Trp-Trp-Gly-Phe (Fig. 1A) , which provides optimal fit to the length and chemistry of the entry tunnel. The resulting compound, which we dubbed PPD (Fig. S3) , successfully guided polyIC selectively to PSMA-overexpressing cells (Fig. 2A) . The PEI moiety of PPD acts as a proton sponge, leading to endosome rupture (34) (35) (36) . This process was extremely rapid (Fig. S5A) . PolyIC is apparently released from the PPD complex owing to competition from RNAs in the cytoplasm (37) , freeing the polyIC to activate dsRNAdependent signaling proteins and downstream apoptotic pathways within 8 h and leading to complete cell eradication after 96 h (Fig. 2 B and C) . The combination of high selectivity and rapid killing is expected to eradicate tumor cells before they are able to develop resistance, while minimizing toxic side effects.
Malignant tumors develop mechanisms that inhibit immune surveillance, so they successfully avoid elimination by the immune system (38) . Our therapy acts against the tumor by several mechanisms, leading to tumor cell apoptosis and reinstating immune surveillance against the tumor. Although other therapies similarly target PSMA to deliver toxic compounds to overexpressing cells (39) (40) (41) (42) , our therapy also kills neighboring, untargeted cancer cells through the mediation of powerful bystander effects. PolyIC activates dsRNA-binding proteins, such as Toll-like receptor 3 (TLR3), dsRNA-dependent protein kinase (PKR), retinoic acidinducible gene I (RIG-1), and melanoma differentiation-associated gene 5 (MDA5) (43) . These signaling proteins simultaneously trigger a number of proapoptotic pathways, and also induce the tumor to secrete toxic and immunostimulatory cytokines.
Our results demonstrate that PPD/polyIC leads to the production of IFN-β, IP-10, and RANTES (Fig. 3) . Type I family interferons (IFN-I) , including IFN-α and IFN-β, are strongly activated by polyIC (44) . IFN-I, either through endogenous production or through exogenous administration, is already in use as anticancer therapy (45) . In PC, it has been shown that treatment with IFN-α and IFN-β can increase androgen receptor levels and potentially restore androgen sensitivity in androgen-independent tumors (46) . IFN-I inhibits the proliferation and induces the apoptosis of cancer cells, and activates immune cells, stimulating an anticancer immune response (47) . IP-10 and RANTES are key chemokines responsible for the attraction and extravasation of natural killer (NK) cells and of T lymphocytes (48, 49) .
In our experiments, PPD/polyIC led to PBMC activation and chemotaxis (Fig. 4) . Activation of the PBMCs was evident from the strong expression of IL-2 (Fig. 4B) , which is mainly produced by activated CD4
+ T-helper cells (50) . The activated PBMCs secreted high levels of TNF-α and IFN-γ (Fig. 4B) . TNF-α is cytotoxic toward several PC cell lines (PC-3, DU-145, and LNCaP) (51) . IFN-γ, produced predominantly by activated CD4+ lymphocytes and NK cells, can increase the cell surface display of the MHC-1 and tumorassociated antigens, strongly increasing tumor immunogenicity (45) . In PC cells, treatment with IFN-γ was shown to increase Fasmediated apoptosis by up-regulating Fas expression (52) .
It is likely that the local secretion of cytokines and chemokines from PPD/polyIC-treated tumors will trigger strong, localized bystander effects against untargeted tumor cells. In vitro, we demonstrated strong direct and immune-mediated effects on cocultured tumor cells. The direct bystander effect resulting from the toxic cytokines secreted by the treated cells killed up to 70% of neighboring untargeted cancer cells. Adding PBMCs, to model the immune cell-mediated bystander effect, led to a much stronger effect (Fig. 5 B and C) . Compared with targeted delivery of polyIC alone, addition of PBMCs achieved higher levels of killing with much smaller doses. This suggests that PPD/ PolyIC can avoid the toxic effects of systemic polyIC treatment.
In a xenograft model of PC, treatment with PPD/polyIC led to a dramatic reduction in tumor load. The combination of targeted polyIC and PBMCs halted tumor growth and, in more than half of the mice, led to tumor eradication within 2 wk (Fig. 6B) . To avoid toxicity, we used only a small number of PBMCs. The powerful effect of such a small number of PBMCs implies that they were recruited directly to the tumor site. The speed and potency of this treatment should forestall the development of resistance. Moreover, the bystander effect should allow the treatment to eradicate heterogeneous tumors, as we have previously shown with EGFR-targeted polyIC (17) . In human patients, with an active immune system, we anticipate that PSMA-targeted polyIC may be even more effective. Our treatment does not need to be personalized for each patient and can be prepared for a fraction of the price of autologous antigen presentings cells (APCs) (53, 54) .
PC is an excellent candidate for effective targeted therapy because it expresses specific markers. PSMA is a promising antigen for this purpose, but hitherto it has entered the clinic only for imaging. The importance of engaging the immune system against cancer is now recognized. PPD/polyIC was designed as a targeted therapy, which leads both to the direct destruction of the tumor and to the recruitment of the immune system against the tumor. The preclinical data presented here show that this double-edged approach has strong potential to improve the outlook for PC patients.
Materials and Methods
Cancer cell lines and growth conditions are described in SI Materials and Methods. Cell survival was assayed using CellTiter-Glo (Promega) according to the manufacturer's instructions. For confocal microscopy, cells were grown in μ-Slides (Ibidi) and visualized using a FluoView FV1000 Olympus microscope. Chemotaxis assays used Transwell plates (Corning). were inoculated s.c. into male NOD/SCID mice. On day 0, mice bearing tumors of ∼100 mm 3 in size were randomized and divided into four groups (seven mice per group). Mice were injected with PPD/polyIC alone, PBMCs alone or PPD/polyIC and PBMCs as shown in A. The graph shows means plus SEs (***P ≤ 0.001, PPD/ polyIC plus PBMC treatment vs. untreated mice; **P ≤ 0.01, PPD/polyIC plus PBMC treatment vs. PPD/polyIC alone). digital calipers, by the formula W 2 × L/2. All animal protocols were approved by the Hebrew University of Jerusalem Institutional Animal Care and Use Committee. The sources of additional reagents and detailed methods are described in SI Materials and Methods.
